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sections and indicate that the performance of package-system units tends to vary more 

than the performance of split-system units. As indicated by the slopes of the curves, the 

total split-system units have the ideal capacity and EER performance in that these values 

drop slower with an increase in outdoor temperature than for the package systems. The 

total set of package units, however, does not increase in power requirements as fast as the 

split-system units over the same temperature range. 

Table 7.12 Fits a/normalized capacity, power, and EER 
for split-system and package-system units. 

Hardware Configuration b(O) b(l) 
Total Split-Cap 1.4912 -0.005196 
Total SQlit-Pwr 0.2530 0.007892 
Total Split-EER 2.1559 -0.01212 

Total Package-Cap 1.6355 -0.006731 
Total Package-Pwr 0.2854 0.007557 
Total Package-EER 2.2402 -0.0l304 

Summary 

2 r 
0.956 
0.927 
0.990 
0.856 
0.912 
0.962 

The results discussed above suggest several possible methods of predicting system 

performance. The steady-state/cyclic analysis provided a method of determining the EER 

at 95'F (35°C) based on the SEER of the system. This could be accomplished in two 

ways. The appropriate average value listed in Table 7.5 could be multiplied by the SEER 

of the unit to give an estimate of the EER at 95"F (35°C) for a given hardware 

configuration. For more accurate results, the fits of the data shown in Table 7.4 could be 

used with the SEER to determine the approximate EER value. The steady-state analysis 
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temperatures from 8S'F (29.4"C) to l1S'F (46.1 "C). With the EER at 9S'F (3S"C) 

predicted as indicated earlier, the EER at various outdoor temperatures could be estimated. 

The total system power could be approximated in a similar manner. The fits of the 

normalized power (PowerlPower@9S'F (3S0C» are shown in Table 7.8. With the EER at 

9S'F (35°C) and the nominal capacity at 95'F (35°C) known, the power requirements at 

95"F (35°C) could be estimated. This value could then be used with the linear fits to find 

the system power draw at different outdoor temperatures. Capacity could be estimated 

using the same procedure and the known nominal capacity for a given unit. Quicker but 

slightly less accurate indications of system performance could be obtained through the use 

of the equations in Table 7.12. 
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CHAPTER VIII 

CONCLUSIONS AND RECOMMENDATIONS 

To determine a relationship between the hardware configuration and cooling 

system performance of air conditioning systems at high outdoor temperatures, an 

experimental and statistical investigation was performed which looked at a wide range of 

systems. 

Summary 

For the experimental work, measurements were taken to determine total capacity, 

system power requirements, EER, and power factor. These results were then compared to 

manufacturers' predicted values. For the capacity, the experimental results were an 

average of 2.6% below the manufacturers' published values for outdoor temperatures from 

85"F (29.4°C) to 115"F (46.1"C). Split-system units dropped in capacity an average of 

0.46%/'F over the temperature range compared to an average drop of 0.78%/'F for the 

package systems. Experimental power measurements were on average 0.4% above 

manufacturers' listed results. The increase in power with an increase in outdoor 

temperature was 1.04%I'F and 1.05%I'F for the split-system and package-system units, 

respectively. Power and capacity measurements resulted in experimental EER's which 

were an average of 2.9% less than the manufacturers' predicted values from 85"F (29.4°C) 

to 115"F (46.1°C). A split-system EER drop of 1.12%I'F with an increase in outdoor 
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temperature compared to an EER drop of 1.23%fF for the package systems. The power 

factors of all units were above 0.95 for the entire range of outdoor temperatures tested. 

In the analysis of manufacturers' published data, relationships between steady-state 

performance, cyclic performance, and hardware configuration were investigated for a 

variety of air conditioning units. The single-speed split-system units generally possessed 

greater increases in EER for a given increase in SEER than the package-system or two­

speed units. Averages values of EERISEER for EER's at 95"F (35°C) were highest for the 

split-system units, followed by the package and two-speed units, respectively. These 

EERISEER averages were 5.9% lower than equivalent averages obtained in 1981 (Nguyen 

et al 1981). Normalized capacity, power, and EER curves were investigated at outdoor 

temperatures from 85"F (29.4°C) to 115"F (46. 1°C). On average, the two-speed units 

showed the smallest decrease in capacity with an increase in outdoor temperature, 

followed by the split-system and package-system units. The smallest power increase and 

smallest EER decrease with an increase in outdoor temperature were exhibited by the 

split-system units, followed by the two-speed units and package-system units. The EER 

curves possessed the highest correlation coefficients. 

Conclusions 

The results of the experimental tests of the ten air conditioning units indicated 

manufacturers' published values for capacity, power, and EER at high outdoor 

temperatures, which are generally based on computer models, are acceptable and can be 

used by electric utilities. Between 85"F (29.4°C) and 115"F (46. 1°C), 15% of the 
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experimental and manufacturers' published results differed by more than ±5%. Half of 

these differences, however, were less than ±6%. Due to the experimental uncertainty 

involved in the testing of the units as well as the variations in testing facilities and units 

and the allowances of ARI (1989) discussed in Chapter VI, variations of ±6% should not 

be unexpected. Three of the units tested did experience more severe discrepancies 

between experimental and manufacturers' capacities at higher outdoor temperatures. 

These values, however, never differed by more than 10%. For each of the units tested, 

capacity and power decreased with an increase in outdoor temperature, and system power 

increased with an increase in outdoor temperature. 

The results also indicated a statistical relationship between the EER and SEER of 

an air conditioning system. Linear fits of the ratio EERISEER were found which 

decreased with an increase in the SEER. The averages of this ratio for different hardware 

configurations has decreased over the last ten to fifteen years, indicating more emphasis 

may have been placed on improving the SEER than on improving steady-state 

performance. Fits of EER as a function of SEER indicated variability in data for similar 

hardware configurations and possible problems with providing rebates for air conditioning 

systems based only on the SEER of the unit. For similar types of configuration, higher 

SEER units did not always result in higher EER's at 95"F (35°C). Certain hardware 

configurations performed more ideally than others. 

An analysis of the normalized capacity, power, and EER data indicated the 

possibility of predicting system cooling performance based only on the hardware 
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configuration. An average r~ was found of 0.928 for the capacity. 0.942 for the power. and 

0.982 for the EER. In general. the single-speed split-system units had the highest 

correlation values. However. these units were also part of the largest data sets. 

Recommendations 

Future investigations are recommended in several areas of this study. This 

experiment involved the testing of ten units from six different manufacturers. Additional 

work involving a larger group of manufacturers would be helpful in verifying system 

perfonnance. Since no units possessing two-speed or variable-speed compressors were 

tested. this might also be an interesting area to explore. 

The analysis of manufacturers' cooling perfonnance data involved 230 units from five 

manufacturers. Additional manufacturers and units would enhance the validity of current 

fits. The addition of data for package-system and two-speed units would be especially 

beneficial. 
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APPENDIX A 

UNCERTAINTY ANALYSIS 

The following uncertainty analysis investigates the bias errors associated with the 
experimental measurements of capacity and EER. All instrumentation used in the 
experiment and described in Chapter IV has corresponding measurement uncertainties. 
To obtain an estimate of these uncertainties. the Kline and McClintock method was used 
which sums the square of the errors: 

where: 
co ... = total uncertainty associated with the dependent variable A 
Zj = independent variable which affects the dependent variable 
co. = uncertainty for variable Zj 

Air-Side Capacity 

(A. I) 

The air-side capacity was calculated using the mass flowrate of the air across the 
indoor coil and the evaporator entering and exiting air enthalpies. An uncertainty analysis 
is discussed below which examines the maximum uncertainty expected for the capacity 
calculations. Data used in the uncertainty calculations were taken from scan data collected 
during a steady state wet-coil test at 82"F (27.8°C) outdoor temperature. The following 
values were used: 

Dry bulb temperature of air entering evaporator (Tdb.i): 79.6"F (26.4°C) 
66.6°F (19.2°C) 
56.9"F (13.8"C) 
56.7"F (13.7°C) 

Wet bulb temperature of air entering evaporator (Twb): 
Dry bulb temperature of air exiting evaporator (Tdb): 
Wet bulb temperature of air exiting evaporator (TWb): 
Flow chamber pressure drop (M»: 1.81 in H20 (0.48 kPa) 

These data were input into Engineering Equation Solver (EES) software to obtain 
the following values: 

Entering air enthalpy (h): 
Exiting air enthalpy (h): 
Air flow rate (Q): 
Specific volume of air (v): 

31.2 Btullbm (72.7 kJ/kg) 
24.2 Btullbm (56.4 kJ/kg) 
1432 cfm (0.677 m3/s) 
13.2 ft31lbm (0.821 m3/kg) 
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Equation A.2 was used to obtain the air-side capacity. 

(A.2) 

where: CaPai' = air-side capacity in Btulh (kW) 
qfan = constant heat added to airstream by the indoor fan in Btulh (kW) 

Using the scan data above, the air-side capacity was calculated to be 45,400 Btulh 
(13.3 kW). 

An expression for the per unit capacity uncertainty was found using the Kline and 
McClintock method indicated in Equation A.l and the air-side capacity in Equation A.2. 
The equation takes the following form: 

where: rocap = uncertainty in capacity calculation 
roh; = uncertainty in entering air enthalpy calculation 
roho = uncertainty in exiting air enthalpy calculation 

roQ = uncertainty in air flow rate calculation 
roy = uncertainty in specific volume of air calculation 

(A.3) 

To find the uncertainty associated with the capacity, the uncertainties in Q, hi' hot 
and v were first found. The air flow rate was measured in a nozzle flow chamber which 
meets ANSIIAMCA 210-85 specifications. Using recommendations from the standard. 
the per unit uncertainty in air flow rate was found to be 1.4% of the calculated flow rate. 
For the enthalpies and specific volume. the Kline and McClintock equation was used to 
find the corresponding uncertainties. The entering air enthalpy uncertainty is affected by 
the wet bulb and dry bulb coil entering temperatures and the ambient barometric pressure 
and can be described as: 

where: db = dry bulb air temperature entering evaporator in ~ ('C) 
wb = wet bulb air temperature entering evaporator in ~ (,C) 
Pb = ambient barometric pressure in in. Hg (kPa) 

(A.4) 
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The uncertainties in these three measurements were taken as half the smallest scale 
division of the measurement devices and resulted in the following values: 

ffidb = 0.05 in. Hg (0.17 kPa) 

ffiwb = 0.5"F (0.28°C) 
ffiPb = 0.5"F (0.28°C) 

Obtaining the partial derivatives of hi' ho' and v was difficult due to the complex 
steps involved in the process. The values· could be approximated, however, using a 
procedure suggested by Holman. The partial derivatives were approximated by: 

.2!!L = f (wb+ ~wb,db,P,,)- f (wb,db,p,,) 

dwb - ~wb 
(A.5) 

~ = f (wb,db+ lldb,P,,)- f (wb,db,p,,) 

(Jdb - lldb 
(A.6) 

3. = f (wb,db,P" +~,,)- f (wb,db,P,,) 

(JIt - ~ 
(A.7) 

The values for equations A.5 through A. 7 were found by first increasing each input 
value by 0.1 % and running the EES program to find the new hi. The original hi was 
calculated using the initial inputs. These values were then used to obtain the partial 
derivatives and the uncertainty in the hi calculation. A similar procedure was used to 
determine the uncertainties for ho and v to obtain the following results: 

ffihi = 0.200 Btu/Ibm (0.465 kJ/kg) 
ffiho = 0.194 Btullbm (0.451 kJ/kg) 
rov = 0.0275 fenbm (0.00167 m3/kg) 

The uncertainties were adjusted by 0.7% to account for the ideal gas 
approximation. This 0.7% uncertainty was added to the calculated uncertainty to obtain: 

rohi = 0.419 Btullbm (0.974 kJ/kg) 
roho = 0.364 Btullbm (0.846 kJ/kg) 
roy = 0.120 ft3nbm (0.00749 m3/kg) 

These reSUlts, along with the air flow uncertainty, were used with equation A.3 to 
calculate an uncertainty in the air-side capacity of 8.1 %, or: 

Cap';r = 45,400 ± 3677 Btulh (13.3 ± 1.08 kW) 

This value represents the maximum amount by which the capacity could be 
expected to be in error for a given measurement. During the same scan, the instantaneous 
refrigerant-side cooling capacity was calculated as 45,900 Btulh (13.4 kW). This value is 

92.048B

158 

The uncertainties in these three measurements were taken as half the smallest scale 
division of the measurement devices and resulted in the following values: 

ffidb = 0.05 in. Hg (0.17 kPa) 

ffiwb = 0.5"F (0.28°C) 
ffiPb = 0.5"F (0.28°C) 

Obtaining the partial derivatives of hi' ho' and v was difficult due to the complex 
steps involved in the process. The values· could be approximated, however, using a 
procedure suggested by Holman. The partial derivatives were approximated by: 

.2!!L = f (wb+ ~wb,db,P,,)- f (wb,db,p,,) 

dwb - ~wb 
(A.5) 

~ = f (wb,db+ lldb,P,,)- f (wb,db,p,,) 

(Jdb - lldb 
(A.6) 

3. = f (wb,db,P" +~,,)- f (wb,db,P,,) 

(JIt - ~ 
(A.7) 

The values for equations A.5 through A. 7 were found by first increasing each input 
value by 0.1 % and running the EES program to find the new hi. The original hi was 
calculated using the initial inputs. These values were then used to obtain the partial 
derivatives and the uncertainty in the hi calculation. A similar procedure was used to 
determine the uncertainties for ho and v to obtain the following results: 

ffihi = 0.200 Btu/Ibm (0.465 kJ/kg) 
ffiho = 0.194 Btullbm (0.451 kJ/kg) 
rov = 0.0275 fenbm (0.00167 m3/kg) 

The uncertainties were adjusted by 0.7% to account for the ideal gas 
approximation. This 0.7% uncertainty was added to the calculated uncertainty to obtain: 

rohi = 0.419 Btullbm (0.974 kJ/kg) 
roho = 0.364 Btullbm (0.846 kJ/kg) 
roy = 0.120 ft3nbm (0.00749 m3/kg) 

These reSUlts, along with the air flow uncertainty, were used with equation A.3 to 
calculate an uncertainty in the air-side capacity of 8.1 %, or: 

Cap';r = 45,400 ± 3677 Btulh (13.3 ± 1.08 kW) 

This value represents the maximum amount by which the capacity could be 
expected to be in error for a given measurement. During the same scan, the instantaneous 
refrigerant-side cooling capacity was calculated as 45,900 Btulh (13.4 kW). This value is 

158 

The uncertainties in these three measurements were taken as half the smallest scale 
division of the measurement devices and resulted in the following values: 

ffidb = 0.05 in. Hg (0.17 kPa) 

ffiwb = 0.5"F (0.28°C) 
ffiPb = 0.5"F (0.28°C) 

Obtaining the partial derivatives of hi' ho' and v was difficult due to the complex 
steps involved in the process. The values· could be approximated, however, using a 
procedure suggested by Holman. The partial derivatives were approximated by: 

.2!!L = f (wb+ ~wb,db,P,,)- f (wb,db,p,,) 

dwb - ~wb 
(A.5) 

~ = f (wb,db+ lldb,P,,)- f (wb,db,p,,) 

(Jdb - lldb 
(A.6) 

3. = f (wb,db,P" +~,,)- f (wb,db,P,,) 

(JIt - ~ 
(A.7) 

The values for equations A.5 through A. 7 were found by first increasing each input 
value by 0.1 % and running the EES program to find the new hi. The original hi was 
calculated using the initial inputs. These values were then used to obtain the partial 
derivatives and the uncertainty in the hi calculation. A similar procedure was used to 
determine the uncertainties for ho and v to obtain the following results: 

ffihi = 0.200 Btu/Ibm (0.465 kJ/kg) 
ffiho = 0.194 Btullbm (0.451 kJ/kg) 
rov = 0.0275 fenbm (0.00167 m3/kg) 

The uncertainties were adjusted by 0.7% to account for the ideal gas 
approximation. This 0.7% uncertainty was added to the calculated uncertainty to obtain: 

rohi = 0.419 Btullbm (0.974 kJ/kg) 
roho = 0.364 Btullbm (0.846 kJ/kg) 
roy = 0.120 ft3nbm (0.00749 m3/kg) 

These reSUlts, along with the air flow uncertainty, were used with equation A.3 to 
calculate an uncertainty in the air-side capacity of 8.1 %, or: 

Cap';r = 45,400 ± 3677 Btulh (13.3 ± 1.08 kW) 

This value represents the maximum amount by which the capacity could be 
expected to be in error for a given measurement. During the same scan, the instantaneous 
refrigerant-side cooling capacity was calculated as 45,900 Btulh (13.4 kW). This value is 
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0.9% higher than the air-side calculation. According to ARI testing standards (ARI 1989), 
the refrigerant- and air-side capacities must agree within ±6% for a test to be valid. This 
small difference in the energy balance suggests a probable error less than the 8% found in 
the uncertainty analysis. 

Energy Efficiency Ratio (EER) 
The uncertainty in the EER was based on the uncertainty in the air-side capacity 

and the uncertainty in the power measurements. The EER is calculated as indicated in 
Equation A.8: 

EER= Capgjr 
p 

where: EER = energy efficiency ratio in BtulkWh 
CaPli' = air-side capacity (Btulh) 
P = total system power (kW) 

(A.8) 

The uncertainty of the capacity was found to be 3677 Btulh (1.08 kW) in prior 
calculations. The uncertainty of the system power was taken to be 0.5% of the full scale 
reading of 2872 W at this scan, providing an uncertainty of 14.4 W. These values were 
used with the Kline and McClintock equation to obtain the following uncertainty for the 
EER calculation: 

EER = 15.8 ± 1.3 BtulkWh 

This results in an uncertainty of 8.1 % for the EER measurements at this scan. The 
uncertainty in the capacity had the greatest affect on the EER uncertainty analysis. Since 
the capacity directly affects the EER. a high capacity uncertainty results in a high EER 
uncertainty. 
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